Giardia intestinalis is a significant cause of diarrheal disease worldwide. Infections in animal models have been shown to cause changes in gastrointestinal transit that depend on adaptive immune responses and are mediated, in part, through neuronal nitric oxide synthase. Nitric oxide is an inhibitory neurotransmitter, and we therefore investigated potential excitatory pathways that might be involved in the response to Giardia infection. Infected mice exhibited increased spontaneous and cholecystokinin (CCK)-induced contractions of longitudinal smooth muscle. In contrast, enhanced contractile responses were not observed in response to acetylcholine, 5-hydroxytryptamine, or the protease-activated receptor-1 agonist peptide TFFLR. Giardiainduced changes in smooth muscle function appear to be mediated primarily by mast cells, as both spontaneous and CCK-induced contractions were blocked by pretreatment with either ketotifen or compound 48/80. Together, these data support a model in which CCK release triggers mast cell degranulation, leading to increases in smooth muscle contractility. These contractions, coupled with nitric oxide-mediated muscle relaxation, promote intestinal transit and parasite elimination.
Giardia intestinalis (syn. G. lamblia, G. duodenalis) is a protozoan parasite that replicates in the lumen of the small intestines of humans and many other mammals. Infections may result in severe diarrhea, cramps, nausea, and nutrient malabsorption, although subclinical infections with only mild nutrient malabsorption appear to be common (reviewed in references 9 and 17). It is unknown whether variation in host responses to the parasite, differences among parasite genotypes, or both, are responsible for the differences seen in clinical outcomes. For example, differences in the ability to induce apoptosis in cultured epithelial cells have been noted among Giardia strains (4), while changes in brush border enzymes involved in nutrient absorption were shown to require CD8 ϩ T-cell responses in mice (26) .
We showed recently that G. intestinalis infection in mice leads to changes in intestinal motility that are important for parasite elimination (22) . These changes in intestinal transit rate required an intact immune system, as they were not observed in SCID mice. In addition, we showed that the neuronal isoform of nitric oxide synthase (nNOS) was important both for parasite elimination and changes in intestinal motility. These results have been confirmed using the rodent-specific parasite species Giardia muris (2) . An earlier study noted that gerbils infected with G. intestinalis also had increases in intestinal motility that were correlated with an enhanced contractile response of longitudinal muscles to the muscarinic receptor agonist bethanechol (7) . However, the mechanisms regulating changes in motility during Giardia infection remain poorly defined.
Host responses to enteric infections make use of a number of physiological pathways that impact smooth muscle function (reviewed in references 23 and 28). Infections can lead to the upregulation of receptors on smooth muscle that bind agonists that alter responses, as well as to changes in enteric neuronal reflex circuits. In addition, an influx of inflammatory/immune cells amplifies the well-documented interaction between mast cells and the nerves that affect smooth muscle activity.
Significant mast cell responses during Giardia infections have been observed in several experimental systems, and these were also shown to be important for parasite elimination (8, 16, 21) . Mast cell responses have been seen also in numerous intestinal helminth infection models, where they participate variably in parasite elimination, depending on the particular parasite under study (5, 24) . Interestingly, many of the changes in intestinal motility during these infections do not depend on mast cells (12, 33) . Recently, however, cholecystokinin (CCK) was shown to affect motility in Trichinella-infected rats through a mast cell-dependent process (27) . In this study, we further examine the mechanism responsible for Giardia infection-induced changes in intestinal motility.
MATERIALS AND METHODS
Mice. C57BL/6J female mice were obtained from Jackson Laboratories (Bar Harbor, ME). The mice were between 6 and 12 weeks of age for these studies. The mice were euthanized by the injection of ketamine (0.5 mg/kg, intramuscularly). All experiments were performed in accordance with protocols approved by the Animal Care and Use Committees of Georgetown University and the University of Maryland, Baltimore.
Infections. Mice were infected with G. intestinalis strain GS(M)-H7 as previously described (29) . Briefly, parasites were grown in vitro in TYI-S-33 media supplemented with bovine bile, L-cysteine, ascorbic acid, and antibiotics. Parasites were harvested by chilling on ice for 15 min and washed with phosphatebuffered saline, and mice were infected via gavage with 1 million trophozoites in 100 l phosphate-buffered saline.
Reagents. Krebs buffer contained 4.74 mM KCl, 2.54 mM CaCl 2 , 118.5 mM NaCl, 1.19 mM NaH 2 PO 4 , 1.19 mM MgSO 4 , 25.0 mM NaHCO 3 , and 11.0 mM glucose. All drugs were obtained from Sigma-Aldrich Chemicals (St. Louis, MO) unless indicated otherwise. Stock solutions were prepared as follows: sulfated CCK octapeptide, ketotifen, acetylcholine, compound 48/80, histamine, and 5-hydroxytryptamine (5-HT) were all dissolved in distilled water and stored at Ϫ20°C. The protease-activated receptor 1 (PAR-1) agonist peptide TLFFR was dissolved in 20% dimethyl sulfoxide and stored at Ϫ70°C. All drugs were diluted in distilled water to the appropriate concentrations just before use.
Contractility studies. Longitudinal smooth muscle function was assessed as previously described (35) . One-centimeter segments of jejunum were flushed of their intestinal contents, suspended longitudinally in individual 8-ml organ baths, and maintained in oxygenated Krebs solution at 37°C. One end of the tissue was attached to an isometric tension transducer (model FT03; Grass Medical Instruments) and the other to the bottom of the bath. The tissues were stretched to a load of 9.9 mN (2 g). Preliminary experiments showed that this load stretched the tissues to their optimal length for active contraction. The tissues were allowed to equilibrate for at least 30 min in Krebs buffer solution before the study, and the bath solution was replaced every 10 min. The tension was recorded by using a Grass model 79 polygraph and was expressed as force per cross-sectional area. After the equilibration, the frequency and amplitude of the spontaneous, rhythmic contractions that occur in the absence of any stimulation were measured over a 2-min period. The force of the spontaneous contractions represents the amplitude of these contractions normalized to the cross-sectional area of the longitudinal muscle layer of the tissue. The tissues were then challenged with acetylcholine (100 M), histamine (100 M), 5-HT (100 M), CCK (100 M), or the PAR-1-activating peptide TFLLR (100 M). The responses to the agonists are expressed as the increase from the baseline tension before the addition of the agonist. Some tissue segments were treated with 100 M ketotifen or 100 M compound 48/80 for 20 min prior to the addition of CCK or acetylcholine. In these studies, ketotifen was also present during CCK and acetylcholine treatment, while compound 48/80 was removed prior to treatments.
RT-PCR. RNA was isolated from jejunal segments using TRIzol reagent (Invitrogen, Carlsbad, CA), by following the manufacturer's instructions. Five micrograms of total RNA was reverse transcribed using Superscript II (Invitrogen). Real-time PCR was performed in a LightCycler (Bio-Rad, Hercules, CA) using a SYBR green master mix and primers for PAR-1, 5-HT 2A , 5-HT 3 , Mcpt1, CCKA, and 18S rRNA as described previously (36) . The threshold cycle (C T ) numbers were converted to relative changes in gene expression using the ⌬C T formula and normalizing the values to 18S rRNA.
Statistics
. P values were calculated using t tests and Prism software (GraphPad Software, San Diego, CA).
RESULTS
Effects of G. intestinalis infection on smooth muscle contractions evoked by acetylcholine, histamine, 5-HT, and PAR-1 agonist peptide. We recently reported that Giardia infection in mice induced changes in intestinal motility that required the activity of nNOS (22) . Nitric oxide is a known inhibitory neurotransmitter, yet Giardia infection led to enhanced intestinal motility as measured by the transit time of a charcoal meal (22) . We therefore decided to investigate if other physiological measures of smooth muscle function and enteric nervous signaling were altered in Giardia-infected mice. Segments of the jejunum were suspended in organ baths and connected to force transducers to measure the intestinal smooth muscle function. The responses to acetylcholine, 5-HT, and the peptide TFLLR, an agonist of PAR-1, were measured. Whereas responses to these agonists are typically altered during enteric infections (23, 28) , no differences were seen in longitudinal muscles from Giardia-infected mice (Fig. 1A to C) . Responses to histamine were also not enhanced in infected mice (data not shown). Consistent with the lack of change in neuromuscular responses to 5-HT and the PAR-1 agonist, no differences were seen in the levels of mRNA expression for two 5-HT receptors and PAR-1 (Fig. 1D) .
Effect of G. intestinalis infection on spontaneous contractions of smooth muscle. While we did not observe any increase in the contractile responses evoked by the agonists tested above, we did observe that spontaneous contractions in muscle from Giardia-infected mice were significantly greater than in muscle from uninfected controls (Fig. 2) . The amplitude of spontaneous contractions, which are an inherent property of gut smooth muscle, was increased ϳ75% in the infected mice at day 5 postinfection compared to the amplitude in uninfected controls (6,714 Ϯ 659 [mean Ϯ standard deviation] versus 3,175 Ϯ 424 mN/cm 2 ; P Ͻ 0.05). This difference persisted through day 7 postinfection (5,810 Ϯ 552 mN/cm 2 ; P ϭ 0.001). Parasite numbers in the small intestine typically peak at 5 days postinfection and begin to decrease by day 7 in this model, indicating that expulsion is associated with the increased amplitude of spontaneous contractions during this time period. To determine if mast cells contributed to the observed change in spontaneous contractions, muscle strips were pretreated with either ketotifen or compound 48/80. Ketotifen is a mast cell-stabilizing agent, as well as a histamine H1 receptor antagonist, and is often used to block degranulation of mast cells. Compound 48/80 induces mast cell degranulation, and pretreatment with this drug therefore reduces the effect of subsequent mast cell activation. Following twenty minutes of treatment with either drug, spontaneous contractions in 5-dayinfected mice were decreased significantly (Fig. 2C) , indicating a role for mast cells in the increased amplitude of contractions. No significant differences in spontaneous contractions were observed in uninfected mice after treatment with ketotifen.
Effects of G. intestinalis infection on smooth muscle contractions evoked by CCK. While contractile responses to acetylcholine, 5-HT, and PAR-1 agonist were not significantly increased following infection, CCK induced significantly greater muscle contractions in tissues from 5-day-infected mice than in tissues from uninfected mice (Fig. 3) . These data suggest that CCK is a major mediator of the enhanced motility seen during Giardia infection. CCK is known to activate smooth muscle contractions directly, in the gall bladder, for example; however, CCK can also trigger mast cell degranulation. To determine if mast cells were involved in mediating the effects of CCK in Giardia-infected mice, tissues were pretreated with ketotifen or compound 48/80 prior to treatment with CCK. Treatment with either compound significantly reduced the contractile response to CCK (Fig. 3) . CCK responses were undetectable in tissues from all five infected mice following ketotifen treatment and in tissues from four of five mice treated with compound 48/80. Importantly, while ketotifen pretreatment reduced the responses to acetylcholine (34% Ϯ 22% in uninfected mice and 24% Ϯ 5% in infected mice), these changes were not statistically different and verified the integrity of the muscle preparations after ketotifen exposure. The continued spontaneous contractions in tissues from uninfected mice following ketotifen and compound 48/80 treatment further confirm the spec- (Fig. 3B) .
DISCUSSION
We recently showed that Giardia infection led to an increase in gastrointestinal transit rates that depended on an intact immune system (22) . We now show that changes in intestinal motility during Giardia infection do not involve the stereotypic responses seen in other parasitic infections, such as heightened responses to 5-HT, acetylcholine, and PAR-1 (28) . Instead, changes are mediated through a combination of enhanced activation of nNOS (22) and heightened responses to CCK via mast cells.
Most bacterial and viral enteric pathogens cause diarrhea through the production of enterotoxins or invasion of host tissue, resulting in inflammation (11) . The mechanisms responsible for diarrhea in giardiasis are less well understood: no toxins have been clearly identified, and the diarrhea results from malabsorption, not secretion (3, 9, 11) . Enteric infections typically affect intestinal motility patterns by altering neuronal reflex pathways and smooth muscle responses to stimulation (2, 23) . For example, infectious irritable bowel syndrome is thought to result from enhanced 5-HT responses following bacterial enteritis (23, 30) . Many of the neuromuscular changes are dependent on immune responses, particularly Th2 cytokines and/or mast cells (28) . The typical intestinal response to helminth infection results in enhanced responses to transmitters that can act on enteric nerves and/or intestinal muscles. For example, intestinal tissue from wild-type, but not STAT6-deficient, mice infected with Nippostrongylus brasiliensis, Heligmosomoides polygyrus, and Trichinella spiralis exhibited increased contractions after stimulation with acetylcholine or the cholinergic agent carbachol (1, 19, 34) . Similarly, STAT6-dependent changes in responses to 5-HT and an agonist of PAR-1 have been observed in tissue from N. brasiliensis-infected mice (35, 36) . In contrast, responses to 5-HT, acetylcholine, and an agonist of PAR-1 were not increased during Giardia infection (Fig. 2) . The response to Giardia infection differs from the response to N. brasiliensis infection in other ways. For example, the expulsion of N. brasiliensis is dependent on STAT6 but not on mast cells (5, 31) . The expulsion of T. spiralis is also dependent on STAT6, although this dependence involves both mast cell-dependent and -independent effects (19, 32) . The elimination of G. intestinalis is dependent on mast cells but is independent of STAT6 (21, 29) . Thus, the mechanisms of Giardia-induced diarrhea appear to be different than those associated with other enteric pathogens. Importantly, the changes in motility observed in giardiasis do not originate from the Th2-dominant responses typical of enteric helminth infections.
While we saw no increase in contractility after treatment with histamine, 5-HT, or PAR-1 agonist, we observed a strong response to the addition of CCK. The increased muscle contractions after exposure to CCK were completely blocked by ketotifen. In addition, pretreatment with compound 48/80 in order to deplete mast cell granule contents prior to treatment with CCK also completely blocked the CCK response in tissue from four out of five mice tested. CCK has previously been shown to increase intestinal motility in vivo in T. spiralis-infected rats (27) and to decrease feeding in T. spiralis-infected mice (25) . As in Giardia-infected mice, the effect of CCK on motility changes in rats was blocked by pretreatment with ketotifen, suggesting a role for mast cells (27) . In contrast, the effects on feeding were not blocked by anti-c-kit treatment to reduce mast cell responses, although they were blocked by anti-CD4 treatment (25) . Motility responses to CCK were also augmented in N. brasiliensis-infected rats (12), but ketotifen did not block this response, suggesting a mast cell-independent pathway. Interestingly, while the expulsion of both Giardia and T. spiralis requires mast cell responses (14, 21, 24) , the expulsion of N. brasiliensis is mast cell independent (5, 6).
Changes in intestinal motility and mast cell responses are essential components of the immune-mediated elimination of Giardia infections in mice (2, 21, 22) . However, it was not clear if mast cell responses contributed to changes in motility during giardiasis or how these responses might be activated. In this study, we have shown that nitric oxide, CCK, and mast cells are all involved in the host response to this intestinal infection. The identification of CCK as an important mediator of motility responses in the mouse model of Giardia infection has several implications for human disease. Importantly, elevated CCK levels have been reported in humans with symptomatic giardiasis (20) . It remains to be determined if CCK levels are also elevated in asymptomatic infections, which are quite common. The major effect of CCK in the gastrointestinal tract is to cause gall bladder contraction and delivery of bile into the small intestine. Bile is a required growth factor for Giardia trophozoites and is readily consumed by the parasite (10, 15, 18) . Bile is also an important regulator for the development of the cyst form of this parasite (13) . Thus, the production of CCK and the release of bile are central both to the parasite life cycle and to host response to infection.
